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a b s t r a c t
The right terminal domain of genomic hepatitis delta virus (HDV) RNA is involved in viral replication by
recruiting host RNA polymerase II. To identify conserved features of this region, we performed high-
throughput 454 sequencing of an HDV population actively replicating in cells. We generated 473,139
sequences representing 2351 new HDV variants of this region and investigated nucleotide conservation
and positions of covariation in the population. We found that the sequence is heterogeneous and the rod-
like conformation is conserved for both polarities of the HDV RNA genome at this location. Additionally,
we identiﬁed conserved nucleotides near the previously reported initiation site of transcription, and
corroborated our ﬁnding with sequences from HDV variants isolated in various hosts. Our analysis
highlights the importance of both a conserved sequence at the tip of the rod-like structure and the RNA
secondary structure upstream of the tip, which are likely important for HDV replication.
& 2013 Elsevier Inc. All rights reserved.
Introduction
A remarkable feature of most RNA viruses is that following
replication they form a heterogeneous population of sequences
(Borderia et al., 2011; Domingo et al., 2012). These differences are
thought to result from inﬁdelity of the replication machinery,
which generates a heterogeneous population of RNA species
within and among hosts, some of which are functional or even
ameliorated, and can accumulate to become the most abundant
species (Borderia et al., 2011; Domingo et al., 2012). Analogous to
other RNA viruses, sequencing of a few variants of the hepatitis
delta virus (HDV) indicated that this RNA virus accumulates
mutations during its replication (Wang et al., 1986; Chao et al.,
1990, 1991), and folding of its RNA genome into precise structures
is considered to be required for its replication (Beard et al., 1996;
Wu et al., 1997; Gudima et al., 1999; Filipovska and Konarska,
2000; Greco-Stewart et al., 2007; Abrahem and Pelchat, 2008).
HDV is one of the smallest animal virus known, and requires the
hepatitis B virus (HBV) envelope proteins for its propagation (reviewed
by (Taylor, 2009)). Its genome is composed of a single-stranded,
circular RNA molecule of approximately 1700 nucleotides (nt), and
folds into an unbranched, rod-shaped structure due to 70% self-
complementarity (Fig. 1). HDV contains one open reading frame (ORF)
allowing for the synthesis of two viral proteins due to editing of
antigenomic HDV RNA at the location of the termination codon of the
small delta antigen (HDAg-S) ORF (Casey, 2012). HDAg-S (195 amino
acids) is essential for HDV accumulation (Kuo et al., 1989; Yamaguchi
et al., 2001). The large HDAg (HDAg-L; 214 amino acids) contains 19
additional amino acids at its C-terminus and is required for virion
assembly (Chang et al., 1991; Ryu et al., 1992; Sureau et al., 1992).
HDV replicates through a symmetrical rolling circle mechanism
that involves only RNA intermediates (reviewed by (Taylor, 2009)).
Circular genomic strands of HDV RNA are used as templates for the
synthesis of both the HDV mRNA and the linear multimeric anti-
genomic strands. The latter are cleaved in monomers by self-cleaving
motifs encoded on the left terminal region of both genomic and
antigenomic HDV RNA polarities (Fig. 1; Rz motifs). The mechanism
leading to the ligation and circularization of the genome is still
unknown. Using the same steps, antigenomic strands are used as
templates to generate the genomic RNA, which is found at a greater
intracellular abundance than the antigenomic species.
HDV does not encode its own replicase and can replicate
independently from HBV. The HDV RNA genome is capable of
redirecting host DNA-dependent RNA polymerase II (RNAP II) for
its own replication and transcription, although the manner by which
this template switching from DNA to RNA occurs remains largely
unknown. HDV RNA accumulation is sensitive to low levels of
α-amanitin, a mycotoxin that inhibits DNA-dependent RNA synthesis
by RNAP II (MacNaughton et al., 1991; Fu and Taylor, 1993; Filipovska
and Konarska, 2000; Moraleda and Taylor, 2001; Chang et al., 2008).
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Several studies indicated a role for the right terminal domain of
genomic HDV RNA in viral replication (Fig. 1; gray rectangle). In
infected cells, the 50 end of HDAg mRNA localizes in this region
(i.e. position 1630; arrow on Fig. 1; (Gudima et al., 2000)). HDAg
mRNA is post-transcriptionally processed with a 50-cap and a 30-poly
(A) tail (Gudima et al., 1999, 2000), which suggests RNAP II involve-
ment in the production of this mRNA. In vitro, this region acts as
template to initiate antigenomic RNA synthesis, and the transcription
reaction is inhibited by an antibody raised against the C-terminal
domain of RNAP II (Abrahem and Pelchat, 2008). RNAP II forms an
active pre-initiation complex on the right terminal domain of
genomic HDV RNA, and this complex contains the same general
transcription factors as those found on a typical DNA promoter
(Greco-Stewart et al., 2007; Abrahem and Pelchat, 2008). The TATA-
binding protein, alone or within the TFIID complex, directly binds the
RNA promoter, and was proposed to be required to nucleate the
RNAP II pre-initiation complex (Abrahem and Pelchat, 2008). Notably,
mutations affecting the secondary structure of this region were
reported to decrease HDV RNA accumulation in cell culture (Beard
et al., 1996; Wu et al., 1997; Gudima et al., 1999), lower RNAP II
afﬁnity (Greco-Stewart et al., 2007; Abrahem and Pelchat, 2008), and
affect RNAP II transcription initiation efﬁciency in vitro (Beard et al.,
1996; Abrahem and Pelchat, 2008).
Although many studies have investigated DNA promoter recogni-
tion by RNAP II, little is known regarding how this enzyme recognizes
an RNA template. Analogous to what is observed on DNA promoters
(reviewed by (Baumann et al., 2010)), essential HDV RNA features (i.e.
sequence and secondary structure) should be conserved and selected
for during viral replication. By taking advantage of next-generation
sequencing technology, the goal of this study was to investigate the
positions of covariation and nucleotide conservation in a large popu-
lation of heterogeneous HDV RNA sequences to deﬁne the selected
features on the right terminal domain of genomic HDV RNA. We
generated 2351 new HDV variants of this region derived from 473,139
sequences obtained by high-throughput 454 sequencing and originat-
ing from an HDV population replicating in a cellular system. We
developed a pipeline to ﬁlter, align and analyze sequence conservation
and covariation of this region from the population of sequences. Our
results indicated the polymorphic nature of this segment of HDV, by
showing that it accumulates as a population of different sequences.
Despite sequence heterogeneity, our analyses revealed the conserva-
tion of the rod-like conformation of this region and identiﬁed
conserved nucleotides at the tip of the rod-like structure, near the
proposed transcription initiation site. These conserved features, which
are also found on sequences from HDV variants isolated from various
hosts, are likely important for HDV replication by RNAP II, and will be
useful at identifying other RNA promoters for RNAP II.
Results
High-throughput sequencing of the right terminal region
of genomic HDV RNA from a cellular system
To investigate the features of the right terminal domain of
genomic HDV RNA involved in replication (Fig. 1; gray rectangle),
we needed a system where the selective pressure was mainly on
viral replication. We used the HDV replication system previously
developed by Chang et al. (2005). In this system, 293 cells contain
a replicating HDV RNA genome with a frame-shift deletion in the
HDAg ORF, and allow the synthesis of HDAg-S under the control of
a promoter inducible by tetracycline (Chang et al., 2005). Because
a low level of HDAg-S is produced in the cells without induction,
basal HDV replication is possible for several months, and HDV RNA
genomes capable of replication are ampliﬁed upon tetracycline
induction (Chang et al., 2005).
The 293-HDV cells were grown for more than a year without
induction of HDAg-S expression to allow the accumulation of
mutations on the HDV RNA genome compatible with viral replica-
tion (Fig. 2A). HDV RNA production was then induced with
tetracycline to amplify functional or even ameliorated HDV gen-
omes. Two days after induction, total RNA was extracted, reverse
transcribed (RT) using random primers, and HDV cDNA was
ampliﬁed by PCR. Because a 199 nt fragment from the right
terminal region of genomic HDV, including 60 nt of HDAg ORF,
was previously reported to act as an RNA promoter for RNAP II
(Beard et al., 1996; Abrahem and Pelchat, 2008), primers designed
to speciﬁcally amplify this region were used (Fig. 1; gray rectan-
gle), as described previously (Greco-Stewart et al., 2007; Abrahem
and Pelchat, 2008). The sample quality was veriﬁed by agarose gel
electophoresis, and the identity of the sequence was conﬁrmed by
Sanger sequencing (data not shown). To control for mutations
introduced during either the RT-PCR or the deep-sequencing
protocol, a genomic HDV RNAwith the same sequence (hereinafter
referred to as reference sequence) was synthesized by in vitro
transcription with T7 RNAP and similarly processed. Both popula-
tions were tagged with a different bar code during the PCR for
multiplexing, mixed at a ratio of about 1:100 control:viral popula-
tion, and sent for deep-sequencing using the 454 Roche technol-
ogy. We obtained 2510 and 747,158 readings for the control and
the viral population, respectively.
Reﬁnement of the populations
As reported previously, readings obtained by the 454 Roche
technology usually include unrelated sequences, are heteroge-
neous in length and contain base calling errors (Gorzer et al.,
2010; Beerenwinkel et al., 2012). Consequently, we developed a
pipeline to reﬁne the readings by performing several ﬁltering
steps. To remove readings unrelated to HDV, we calculated identity
scores by comparing each reading to both polarities of the
reference sequence using ClustalW (Thompson et al., 1994). Most
of the readings were of the expected length (i.e. 200 nt), and
were 75% identical to the reference sequence (Fig. 2B and C). For
the viral population, there was also a smaller cluster of readings of
approximately 64 nt, but most of these readings had low identities
to HDV with large variations in their identity scores (Fig. 2C).
Inspection of several sequences in this population revealed that
they were chimeras composed of HDV and unidentiﬁed sequences,
which is consistent with the generation of chimeras caused by
Fig. 1. Schematic representation of the HDV RNA genome. The circular rod-like structure of the HDV genome is illustrated. The white arrow indicates the location of the
HDAg ORF (i.e. initiating at nucleotide 1598). The Rz-G and Rz-AG boxes indicate the locations of both genomic and antigenomic polarities of the HDV ribozymes,
respectively. A black arrow indicates the reported site of initiation of transcription from genomic HDV RNA (Beard et al., 1996; Gudima et al., 2000; Abrahem and Pelchat,
2008). The right terminal domain of genomic HDV RNA involved in viral replication is indicated by the gray rectangle (i.e. nucleotides 1541 to 60 of the genomic polarity).
The sequences analyzed in this study correspond to nucleotides 1566 to 18 of the genomic polarity (i.e. between the locations indicated by the inverted fonts). The
numbering is in accordance with (Kuo et al., 1988).
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Fig. 2. Reﬁnement of the sequence libraries generated by high-throughput sequencing of an HDV population. (A) Overview of the cellular system allowing HDV replication.
A 293 cell line has been stably transfected with an HDV RNA genome containing a frame-shift deletion in the HDAg ORF and a plasmid allowing the production of the small
antigen under the control of a promoter inducible by the addition of tetracycline. This cell line has been maintained for more than a year, allowing HDV replication at a basal
level and the accumulation of mutations. Addition of tetracycline allowed HDV RNA production and ampliﬁcation of functional or even ameliorated HDV genomes. (B) and
(C) Filtering of the reading obtained by deep-sequencing using 454 technology according to the sequence length and percentage of identity to the reference sequence, for
both the control (B) and the sequences ampliﬁed from 293-HDV cells (C). Top parts represent the number of sequences sorted according to their lengths. Bottom parts
represent the percentage of identity of each reading to the reference sequence, as calculated by ClustalW (Thompson et al., 1994). Black and red dots indicate sequences with
higher identities to the genomic and antigenomic polarity of the reference sequence, respectively. Sequences selected for further analysis are represented by blue dots. These
sequences are at least 160 nt long and are at least 60% identical to the reference sequence. (D) Reduction of the background nucleotide variability by removal of sequences
with low occurrence. Box plot representation of the nucleotide variability at each position calculated for sequences occurring at least 1, 2, 3, 5, 10 and 100 times. Black and
red boxes indicate variants and control population, respectively.
Y. Beeharry et al. / Virology 450-451 (2014) 165–173 167
non-speciﬁc ampliﬁcation during deep-sequencing, as previously
reported (Gorzer et al., 2010).
To obtain the information on the conservation of the secondary
structure of this region, we only considered sequences of length
longer than 160 nucleotides (Fig. 1; between nucleotides 1566 and
18) and at least 60% identical to the reference sequence (Fig. 2B
and C; blue circles). Using these two constraints, 490,183 and 2070
sequences were selected for the viral population and the control,
respectively. Furthermore, all of them were of genomic polarity,
demonstrating the speciﬁcity of the primers used during ampliﬁ-
cation for this polarity of HDV RNA (Fig. 2B and C). Then, we
performed pairwise alignment of each reading to the reference
sequence, and calculated occurrences by clustering identical
sequences (Fig. S1).
The cDNA ampliﬁcation process and base calling error during
deep-sequencing are known to generate apparent mutations that
do not reﬂect selected variation (Beerenwinkel et al., 2012).
To account for these errors, we calculated the nucleotide variability
at each position, for both populations of sequences, and at different
number of occurrences (Fig. 2D). Removal of sequences occurring
less than three times greatly diminished nucleotide variability in
the control without drastically affecting the number of different
sequences in the viral population sample (Fig. 2D). Only seven
positions varied in this subset of the control population, and none
of these positions showed signiﬁcant variability in the viral
population (data not shown). The mutations in the control sample
were likely generated by the additional PCR and/or transcrip-
tion reaction used to generate the RNA species. Accordingly, only
sequences occurring at least three times were kept for subsequent
analysis. With these datasets, the overall nucleotide variations
were 1.2104 and 8.1104 mutations/site for the control and
the viral population, respectively. Altogether, we retained 1761
(85.07%) and 473,139 (96.52%) sequences representing 49 and
2351 different and recurring variants from the control and the
viral population, respectively.
The right terminal region of genomic HDV RNA exists as a
heterogeneous population in 293 cells
Based on the occurrence of the sequences, we found that one
sequence was highly enriched and represented 76.3% of the
variants obtained (i.e. 360,863 readings; Fig. S1). Interestingly, this
sequence corresponded to the original HDV variant transfected
into the cells (Chang et al., 2005). Despite of this, the number of
different and recurring sequences obtained in the viral popula-
tion sample suggested a larger sequence space generated during
HDV replication. To evaluate the sequence space in our samples,
neighbor-joining phylogenetic trees showing the genetic diversity
of the different sequences composing both populations were
generated. The trees were rooted on the reference sequence and
plotted as circular dendrograms (Fig. 3). On the dendrograms, the
size of the clusters in the trees is proportional to the occurrence of
the sequences composing this cluster (log2 relationship). For the
control, the clusters were phylogenetically close (Fig. 3, inset). The
tree for the viral population from the 293 cells replicating HDV
RNA was more heterogeneous, and numerous clusters with a high
amount of sequences were phylogenetically distant from the refer-
ence sequence, indicating a larger sequence space. These results are
in accordance with the accumulation of mutated variants during
HDV replication, giving rise to a heterogeneous population (Wang
et al., 1986; Chao et al., 1990, 1991).
Analysis of the variations found in the viral population
We calculated the nucleotide composition per position in order
to determine the localization of position-speciﬁc variability and
selective mutations. Variation was not homogeneous but varied
according to the nucleotide position (Figs. 4 and S2). To discrimi-
nate between signiﬁcant variability and background variations, we
used four outlier tests (GESD, boxplot, medmad and shorth) to
identify positions that appear to deviate from background varia-
tions (pooled as a “gray” zone on Fig. 4). Eleven positions showed
signiﬁcant variability in the four tests used, whereas the variability
of 13 other positions was signiﬁcant in at least one of the tests
(Fig. 4; in red and blue, respectively). None of these 24 positions
had signiﬁcant variation in the control sequences. Because the
variations were not homogeneous but ﬂuctuated according to the
nucleotide position, we recalculated the nucleotide variation rate.
The variation rate of the viral population for these 24 positions
was calculated to be 29.5104 mutations/site, which is 24-fold
the background variation rate calculated for the control (i.e.
1.2104 mutations/site). For the other positions, the variation
rate was 3.3104 mutations/site, which is in the same order as
background variation derived from the control. Noteworthily, the
sequence located at the tip of the rod-like stucture (i.e. from
position 1632 to 1557) was the most conserved. This conservation
suggests that the sequence of this region might be required for the
initiation to take place or for promoter recognition by the host
transcription machinery. However, we cannot exclude the possi-
bility that this motif might be associated with another activity
unrelated to transcription initiation.
The analysis of the type of selected nucleotide changes revealed
that 91.9% were transitions (either purine -4 purine or pyrimidine
-4 pyrimidine) and 8.1% were transversions (purine -4 pyrimi-
dine or pyrimidine -4 purine ) (Fig. S2). Noteworthily, the highest
nucleotide variation corresponded to a A-4G transition located at
position 1597. This selective mutation was observed in 1% of the
viral population (i.e. 4583 readings). This mutation is unlikely to be
caused by experimental error since it was not found in the control
population. This position is the second nucleotide of the anticodon
CAU, which corresponds to the AUG initiation codon of HDAg on the
HDV mRNA. Since HDAg-S, which is required for HDV replication, is
provided in trans in the cellular system we used, a decrease of the
selective pressure for the sequences able to produce the HDAg
mRNA was expected. Interestingly, this mutation allows the con-
servation of the RNA secondary structure at this location by
allowing Wobble base-pairing of the G with the U of the lower
Fig. 3. Evaluation of the sequence space occupied by both the control population
and the viral population replicating in 293 cells. Neighbor-joining phylogenetic
trees rooted on the reference sequence were generated for both populations, and
plotted as circular dendrograms. The sizes of the clusters are proportional to the
occurrence of the sequences composing this cluster (examples of the log2 relation-
ship between the surface of the circle and the number of sequences are found on
the right side). The scale bar on bottom left indicates the distance as substitutions
per site. The inset corresponds to the sequence space occupied by the control
population, using the same scale as the viral population.
Y. Beeharry et al. / Virology 450-451 (2014) 165–173168
strand of genomic HDV RNA, suggesting the importance of the base
pair at this location.
We next investigated conservation of the base pairs of this
region. As a ﬁrst step, we used the most energetically stable
predicted secondary structure to assess base pair covariation. Then
the secondary structure was manually adjusted based on the
conservation derived from our dataset and is presented in Fig. 5A.
The secondary structure derived from the conserved base pairs is
also in accordance with a previously reported structure derived
from in vitro nuclease mapping (Beard et al., 1996). We calculated
the frequencies and compositions for each base pair across the
alignment (Fig. S3). Sequences derived from the control allowed to
establish a baseline for base pair variability of 2.1104 mutations/pb
(i.e. occurring 100 times). With this cut-off, we found that most of
the nucleotide changes corresponded to transitions that enable the
maintenance of the base pairs of either genomic or antigenomic
polarities of HDV RNA (Fig. 5A). Interestingly, the majority of the
variations are transitions generating G-U Wobble base pairs on
antigenomic strand (Fig. 5A, CA and AC with a yellow background
on genomic polarity ), suggesting the importance of the secondary
structure for this polarity. However, we cannot exclude the
possibility that non-canonical C-A base pairs might also form on
genomic strand.
Using the same approach, we calculated the frequencies and
compositions of each bulge across the alignment occurring with
variability of at least 2.1104 mutations/site (i.e. occurring 100
times; Fig. 5B). We identiﬁed three bulges containing enriched
mutations in their composition: U1599/C1C2 -4 U1599/U1C2 (24.88
104 mutations/site; 1177 readings), A1606/G1671 -4 G1606/G1671
(85.94104 mutations/site; 4050 readings), and U1629U1630A1631
-4 U1629U1630G1631 (46.01104 mutations/site; 2177 readings).
Our analysis also suggests the formation of a homopurine pair
between A1606 and G1671. Furthermore, the bulge at the initiation
site always contains at least one uridine. Conservation of this
uridine residue at this location is probably necessary for efﬁcient
initiation of complementary strand synthesis, since RNAP II is
known to preferentially initiate transcription with purine residues
(Baumann et al., 2010). Unfortunately, preliminary prediction of
non-canonical base pairs within these bulges using the isostericity
matrices was inconclusive due to the high conservation of this
region (Leontis et al., 2002).
Conserved features of the right terminal stem-loop region of genomic
HDV RNA in isolated variants
The previous analysis was performed on a viral population
replicating in a speciﬁc cellular system. To assess the biological
signiﬁcance of our results and variations caused by the use of different
hosts that might have different selection pressures, we analyzed both
the positions of nucleotide conservation and covariation by extracting
this region in sequences corresponding to HDV variants isolated from
various hosts. Based on sequence analysis, the Deltavirus genus was
previously classiﬁed into several major clades (Deny, 2006). We
selected only the sequences from clade 1 since the viral population
analyzed above was generated from a variant from this clade. Also, we
decided to keep identical sequences in order to take into account
selected sequence ﬁtness. The sequences were extracted from the
Subviral RNA database (Rocheleau and Pelchat, 2006), aligned using
ClustalW (Thompson et al., 1994), and analyzed as above (Fig. S4).
Nucleotide comparison of the proposed initiation site for the
transcription from this domain (i.e. nucleotide 1630; (Gudima
et al., 1999; Abrahem and Pelchat, 2008)) and the surrounding
nucleotides (i.e. nucleotides 1592 to 8 of the genomic polarity) in
all the variants analyzed revealed a sequence heterogeneity
pattern similar to what we observed in the viral population
isolated from 293 cells. Speciﬁcally, the sequence is the most
conserved at the tip of the rod-like structure with variation mostly
upstream from the tip (Fig. 6A). We also calculated frequencies
and compositions for each base pair across the alignment, as
performed above (Fig. S5). The number of base pair variations was
reduced as compared to the viral population in 293 cells, likely due
to the small number of sequences available (i.e. 40 variants).
Despite this, the majority of the variations are transitions allowing
base pairs on either or both polarities of the HDV RNA genome,
including generation of G-U Wobble base pairs on antigenomic
strand (Fig. 6B, CA and AC with a yellow background on genomic
polarity), analogous to our observation from the sequences
derived from the viral population in 293 cells. In addition, several
of the mutations observed in the bulges derived from the viral
population were also found in these clade 1 variants, including the
enrichment of purines at position 1606 and 1671 (Fig. 6B, blue
rectangles).
Discussion
Previous studies indicated a role for the right terminal region of
genomic HDV RNA in viral replication. This region includes the site
of transcription initiation for HDAg mRNA, binds an active RNAP II
pre-initiation complex, acts as template to initiate antigenomic RNA
synthesis in vitro, and mutations affecting the rod-like conformation
of this region decrease both RNAP II afﬁnity/initiation and HDV RNA
accumulation in cells (Beard et al., 1996; Gudima et al., 1999; Greco-
Stewart et al., 2007; Abrahem and Pelchat, 2008). Here, we took
advantage of next-generation sequencing technology to generate
473,139 new HDV sequences of this region from a cellular system in
which the selective pressure was mainly on viral replication.
Because HDAg-S could not be produced by the mutated HDV
RNA genome in this replication system, but provided in trans by
the cells, we were expecting reduced selective pressure on both
Fig. 4. Position-speciﬁc variability of the right terminal domain of genomic HDV RNA obtained from high-throughput sequencing. Representation of nucleotide variability for
each position obtained from the reﬁned alignment. The consensus sequence displayed corresponds to a region from nucleotides 1566 to 18 of the genomic polarity of HDV
RNA. Four outlier tests were used to identify positions that appear to deviate from background variations, and their cut-offs was used to deﬁne the “gray zone”. The
calculated cut-offs were 15.58104, 23.33104, 10.79104, 11.19104 mutations/site for GESD, boxplot, medmad and shorth, respectively. Blue and red indicate the
position with signiﬁcant variability in at least one or all four of the tests used, respectively. The U residue at location 1638 (gray on Fig. 5) was not used in the analysis due to
high variability caused by the homopolymer effects during high-throughput 454 sequencing (Huse et al., 2007).
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the sequence and the secondary structure of the region corre-
sponding to either the HDAg ORF or its promoter. However, our
analysis indicates that both the sequence and the secondary
structure of this segment of HDV are very conserved. This suggests
that, in addition to its proposed role as promoter for HDAg
transcription, this region is also involved in HDV replication. The
highest nucleotide variation corresponded to a A-4G transition at
position 1597, which was observed in 1% of the viral population.
This mutation disrupts the initiation codon of HDAg but is still
predicted to allow base pairing with the opposite strand. The
importance of a base pair at this location is in agreement with a
recent study reporting that mutations disrupting the base pairing
at this location hinder HDV replication (Liao et al., 2012).
Analysis of the sequences corresponding to the right terminal
region of genomic HDV RNA revealed that this region is less
heterogeneous than expected based on previous reports on
isolated HDV variants (Wang et al., 1986; Chao et al., 1990, 1991).
One of the sequences was highly enriched and represented 76.3%
of the variants obtained (i.e. 360,863 readings), suggesting
enhanced ﬁtness for this sequence, which also corresponded to
the original HDV variant transfected into the cells (Chang et al.,
2005). Despite this, comparison of the sequence space between
the viral and the control populations revealed that this region of
the HDV RNA genome is heterogeneous in 293 cells, consistent
with the notion that HDV RNA forms a population of different
sequences due to the inﬁdelity of a “DNA-dependent” RNAP acting
on an RNA template (Wang et al., 1986; Chao et al., 1990, 1991). In
total, 2351 different and recurring sequences were found in the
sample derived from the viral population. However, due to the
approach used, we were not able to distinguish between variations
that occurred over the year of replication from those following
HDAg-S induction by tetracycline. Interestingly, nucleotide varia-
tions for the viral population were not distributed evenly and 24
positions with higher variability were identiﬁed. The variation rate
of these “hot spots” was calculated to be 29.5104 mutations/
site and account for the larger sequence space observed for the
viral population. We cannot completely exclude the possibility
that some of the sequence diversity observed might have been
artiﬁcially generated during the protocols used. However, it is
unlikely due to the short length of the cDNA fragment, and
because throughout our pipeline, we used a control sample of
the same sequence to establish cut-offs to account for the error-
rate due to the experimental steps of the reverse-transcription, the
PCR ampliﬁcation and the deep-sequencing. Based on the control,
we calculated that an overall variation rate of 1.2104 muta-
tions/site might be due to the protocols used.
Although it reﬂects the mutation rate during HDV replication in
a non-physiological cellular system (i.e. 293 cells) where the
antigen is provided in trans, our calculated variation rate for the
viral population (i.e. overall 8.1104 mutations/site) is in accor-
dance with mutation rates calculated for other RNA viruses (i.e.
103–105 substitutions/nt), which have a high polymerase error-
rate, giving rise to a heterogeneous population (Domingo et al.,
2012). It is also one order of magnitude higher than what is
reported for RNAP II when acting on DNA templates (i.e. 105
substitutions/nt; (Cramer, 2004)). This suggests that RNAP II has
Fig. 5. Covariation analysis of the right terminal domain of genomic HDV RNA obtained from high-throughput sequencing. The covariation variability of every base pairs
(A) and single-stranded region (B) was calculated and displayed on the consensus RNA secondary structure. Blue and red nucleotides indicate the position with signiﬁcant
variability, as determined in Fig. 4. Yellow background indicates transitions generating C-A on genomic HDV RNA. The gray rectangles represent the 50-end of HDAg ORF. All
numbers correspond to 104 mutations/site. The gray U residue at location 1638 was not used in the analysis due to high variability caused by the homopolymer effects
during high-throughput 454 sequencing (Huse et al., 2007).
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an increased mutation rate when acting on HDV RNA, which is also
supported by studies showing that HDAg-S might accelerate
forward translocation of the polymerase at the cost of ﬁdelity
(Yamaguchi et al., 2001). However, we cannot exclude the possi-
bility that the observed variations might also be due to the activity
of another protein. Previous analysis of the sequences of a few
HDV RNA genome variants in the same cellular system estimated a
variation rate of 2.1% changes/nucleotide/year reported for the
complete HDV RNA genome, and attributed most of the mutations
to adenosine deaminase acting on RNA (ADAR) activity (Chang
et al., 2005). Interestingly, in this study, the sequence of the right
terminal region was conserved. Our estimated variation rate is also
lower than what was reported on complete HDV RNA sequences
from sequential isolates (i.e. 2–3103 changes/nucleotide/year;
(Weiner et al., 1988; Lee et al., 1992)), and what was calculated for
viroids, small single-stranded circular RNA genomes similar to
HDV but replicating in plants (i.e. 2.5103 changes/site/replica-
tion cycle; (Gago et al., 2009)). However, the mutation frequencies
calculated for viroids were derived from samples isolated in the
context of a natural infection, with more selective pressure from
their host.
More importantly, we found that the sequence at the tip of the
rod-like structure of this region is very conserved in both
sequences derived from the viral population in 293 cells (Fig. 4)
and clade 1 variants (Fig. 6A). This region is composed of a stretch
of pyrimidines upstream of the terminal loop, which is matched
on the opposite strand by a region containing almost exclusively
purines, allowing the conservation of the rod-like structure of this
region. This is consistent with previous reports on both a decrease
of HDV accumulation in cells and reduced RNAP II interaction by
the inversion of the strands of the tip region (i.e. “ﬂip” mutant),
suggesting that in addition to the structure, sequence conservation
is important for viral replication (Wu et al., 1997; Greco-Stewart
et al., 2007; Abrahem and Pelchat, 2008). It is also possible that the
sequence of either or both strands serves as a binding site for
either polypurine or polypyrimidine binding proteins. One candi-
date protein is PSF, a polypurine binding protein we recently
reported to bind this region, and which is also known to associate
with RNAP II (Emili et al., 2002; Greco-Stewart et al., 2006).
Most of the nucleotide changes were upstream of the tip and
our results indicate that they were selected to maintain the rod-
shaped secondary structure of either polarity of this region of HDV
RNA. This suggests that the secondary structure of these regions is
important for HDV replication/transcription and is in accordance
with previous experiments in which mutagenesis disturbing the
secondary structure of this region affected both HDV accumulation
in cells and RNAP II binding (Beard et al., 1996; Wu et al., 1997;
Gudima et al., 1999; Greco-Stewart et al., 2007; Abrahem and
Pelchat, 2008). Although, several speciﬁc nucleotides within this
region were reported to be essential for high level of HDV
accumulation in cells, in most of the cases the mutations intro-
duced could also disrupt base pairing. Interestingly, our high-
throughput sequencing of this region indicates that most of the
selected nucleotide changes corresponded to transitions to main-
tain the secondary structure of the antigenomic polarity (i.e.
generating G-U on antigenomic strand), suggesting the involve-
ment of the antigenomic strand of this region in HDV replication.
In support of this hypothesis, both strands of this region associate
with RNAP II (Greco-Stewart et al., 2007), and a small 50-capped
HDV RNA of genomic polarity corresponding to this region was
identiﬁed during a screening for small RNAs in cells replicating
HDV (Haussecker et al., 2008). This small HDV RNA might
represent a transcription product from antigenomic RNA. Addi-
tionally, an HDV cDNA fragment corresponding to this region was
Fig. 6. Conserved RNA features of the right terminal region of genomic HDV from clade I variants. (A) Representation of nucleotide variability for each position obtained from
the secondary structure alignment of 40 clade I HDV variants extracted from the Subviral RNA Database (Rocheleau and Pelchat, 2006). The consensus sequence displayed
corresponds to a region from nucleotides 1592 to 8 of the genomic polarity of HDV RNA. (B) The covariation variability of every base pair was calculated and displayed on the
consensus RNA secondary structure. Yellow background indicates transitions generating C-A on HDV RNA of genomic polarity. The gray rectangles represent the 50-end of
HDAg ORF. The blue rectangles indicate covariation variabilities in single-stranded regions. All numbers correspond to percentage of mutations/site. Blue and red indicate the
position with variability of at least 5% and 10%, respectively.
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reported to have bidirectional promoter activity, although it was
never conﬁrmed using RNA fragments (Macnaughton et al., 1993;
Liao et al., 2012).
Conclusion
In this study, we used next-generation sequencing technology
to deﬁne selected features on the right terminal domain of
genomic HDV RNA from HDV variants isolated in cellular system
in which the selective pressure was mainly on viral replication. We
analyzed both the sequences and the secondary structural impli-
cation by investigating nucleotide conservation and positions of
covariation in a dataset composed of 473,139 sequences represent-
ing 2351 new HDV variants for this region. We also corroborated
our ﬁnding with sequences from HDV variants isolated in various
hosts. Our analysis suggests a precise RNA secondary structure for
this region and indicates the conservation of the nucleotides at the
tip of the rod-like structure. Both features might be important for
HDV replication, likely through the recruitment of RNAP II, and are
in accordance with previous mutagenesis on this region of the
HDV RNA genome. We also developed a pipeline to ﬁlter, align and
analyze the sequences, which could be a useful strategy for future
high-throughput sequencing analysis of sequence conservation
and base pair co-variation in an RNA population. More impor-
tantly, the selected features identiﬁed in this study might be useful
in identifying other RNA promoters for RNAP II, including in
human RNAs.
Materials and methods
Cell culture and HDAg-S induction
The 293-HDV cells are 293 cells stably transfected with a
plasmid encoding HDAg-S under the control of tetracycline and
an HDV RNA genome deﬁcient in HDAg-S production, and were
kindly provided by John Taylor (Chang et al., 2005). The 293-HDV
cells were grown at 37 1C with 5% CO2 in DMEM supplemented
with 10% calf serum (CS), hygromycin and blasticidin. Viral
replication was induced upon addition of 1 μg/ml of tetracycline,
and two days later the total RNA was extracted with Trizol
(Invitrogen) according to the manufacturer’s recommendations.
In vitro transcription of the control population
To serve as a control population to account for mutations intro-
duced during the protocols used, a genomic HDV RNA, with the same
sequence as the variant originally transfected into the cellular system
used (Chang et al., 2005), was synthesized by in vitro run-off
transcription using T7 RNAP (New England Biolabs; Pickering, Ontario,
Canada; NEB), as previously described (Greco-Stewart et al., 2007;
Abrahem and Pelchat, 2008). To generate the cDNA for the transcrip-
tion reaction, PCR ampliﬁcationwas performed on a plasmid encoding
a dimer of the HDV genome (pHDVd2) with both sense (50–GAATTC-
TAATACGACTCACTATAGGG1541ACTGCTCGAGGATCTCTTCTCTCC1564-30;
underlined nucleotide sequence indicates T7 promoter) and antisense
(50-60ACATCCCCTCTCGGGTAC43-30) oligonucleotides. After transcrip-
tion, the DNA template was digested with DNase I (NEB) for 30 min
at 37 1C and the RNA was fractionated by 7M urea denaturing
polyacrylamide gel electrophoresis (PAGE) in 1XTBE buffer (100 mM
Tris–borate, pH 8.3, 1 mM EDTA). The band corresponding to the
control RNA was visualized by UV shadowing, excised, and eluted
overnight in 500 mM ammonium acetate, 0.1% SDS. The RNAwas then
precipitated in ethanol, resuspended in H2O, desalted by Sephadex G-
50 columns (GE Healthcare), and precipitated in ethanol. The puriﬁed
control RNA was resuspended in H2O, quantiﬁed by spectrophotome-
try at 260 nm and stored at 20 1C.
Reverse-transcription and PCR
Both the control population and total RNA from 293-HDV
cells were reverse transcribed with random primers according
to the manufacturer’s instructions (Biorad). cDNAs were then
used as templates for PCR ampliﬁcations with Deep Vent poly-
merase (NEB). For both cDNAs, the antisense primer used
was 50–CCTATCCCCTGTGTGCCTTGGCAGTCTCAG54CCTCTCGGGTA-
CTGATCCTCCCCCCGCGTCTCCTCG19-30. The sense primers were
CnCnAnTnCTCATCCCTGCGTGTCTCCGACTCAGACGAGTnGnCnGn-
T1541ACTGCTCGAGGATCTCTTCTCTCCC1565-30 and CnCnAnTnCT-
CATCCCTGCGTGTCTCCGACTCAGATCAGAnCnAnCnG1541ACTGCTC-
GAGGATCTCTTCTCTCCC1565-30 for the control and the viral popu-
lation, respectively (the n indicate phosphorothioate modiﬁca-
tions). The PCR products were puriﬁed from a 1.5% agarose gel
(Qiagen), and the identity of the cDNAs was conﬁrmed by Sanger
sequencing (StemCore facilities, Ottawa Hospital Research Insti-
tute). One microgram of the viral population DNA and 10 ng of the
control DNA were pooled, and sent for deep-sequencing using the
Roche 454 GS FLX Titanium platform (McGill sequencing facilities,
Genome Quebec). Raw sequencing data from both samples were
deposited on the Sequence Read Archive of NCBI [SRA: SRR765851,
SRR765852].
Analysis of HDV variants from deep-sequencing
For each sequence, the name of the sequence, the composition in
nucleotides, the length and the sequencing quality score were stored
in a database. The percentage of identity of each sequence to both
polarities of the reference HDV sequence was calculated with
ClustalW 2.1 (Thompson et al., 1994) and stored in the database. A
cut-off of 160 nt of length and 60% identity was used to select the
sequences for alignment with Mosaik 1-3.0 from the Marth labora-
tory (http://bioinformatics.bc.edu/marthlab/Mosaik). In house Perl-
scripts were used to cluster the sequences based on identity, and to
obtain statistics on nucleotide composition. In house R-scripts were
used to analyze the correlation between the variability of the
sequences and the number of identical sequences, and analyze both
nucleotide composition and covariation. An in house R-script was
used to detect hot spots of variability by using cutoff generated by
selecting both the minimum and maximum of four outlier detection
procedures included in the R package Parody (i.e. ("GESD", "boxplot",
"medmad" and "shorth") (http://www.bioconductor.org/packages/
release/bioc/html/parody.html). Neighbor-joining phylogeny of the
sequences was performed with the R package APE (Thompson et al.,
1994; Paradis et al., 2004), and the trees were drawn using a
modiﬁed radial.phylog R-script from the package ADE4 (Dray and
Dufour, 2007). Secondary structure prediction was performed with
Mfold (Zuker, 2003).
Analysis of HDV variants from various hosts
The HDV sequences were taken from the Subviral RNA Database
(http://subviral.med.uottawa.ca/; (Rocheleau and Pelchat, 2006)). The
sequences were ﬁrst aligned with ClustalW 2.1 (Thompson et al.,
1994) and neighbor-joining phylogeny of the sequences was
performed with the R package APE (Thompson et al., 1994; Paradis
et al., 2004). The sequences clustering with known clade 1 variants
were extracted and realigned with ClustalW 2.1. In house R- and
PERL-scripts were used to analyze both the composition and nucleo-
tide variation from the alignment, as performed with the HDV
sequences generated from deep-sequencing.
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